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Introduction
were made with 64-channel polytrodes (NeuroNexus A1x64-Poly2-6mm-23s-160-A64) with a 2-column 124 (32 channels per column) staggered-format with vertical and horizontal (inter-column-distance) of 46 µm 125 covering 1450 µm of the probe. Voltage signals were acquired using a headstage amplifier (RHD2164, 126 IntanTech, Los Angeles) and USB interface board (RHD2000, Intan) at a sampling rate of 25 kHz -16 bit 127 resolution. Electrodes were inserted perpendicular to the surface of the cortex using a micro-manipulator
128
(MP-225, Sutter Instrument Company). Cortical penetration depth was tracked using micro-manipulator 129 coordinates with the tip of the electrode being inserted between 900 µm to 1450 µm (mean of 1256 µm ± 130 157 µm) below the cortical surface. Further details for these recordings can be found in (Xiao et al., 2017) .
131
Mouse VSD Imaging. To determine the cortex-wide correlates of LECs, widefield VSD imaging was 132 carried out in anesthetized mice as previously described (Mohajerani et al., 2010 (Mohajerani et al., , 2013 Vanni and Murphy, 133 2014) while simultaneously recording LFP and single unit activity extracellularly. Either a unilateral craniotomy
134
(1 wildtype C57/BL6 mouse, from bregma 2.5 to -4.5 mm anterior-posterior, and 0 to 6 mm lateral) or a 135 bilateral craniotomy (2 wildtype C57/BL6 mice, from bregma 3.5 to -5.5 mm anterior-posterior, and -4.5 136 to 4.5 mm lateral) was made and the underlying dura removed. RH1692 dye (Optical Imaging, New York, 137 NY; (Shoham et al., 1999) dissolved in HEPES-buffered saline (1 mg/ml) was added to cortex for 60-90 138 min. VSD imaging began ∼30 minutes following washing of unbound dye with saline. VSD data (12 bit 139 monochrome) was captured with 6.67 ms (150Hz) temporal resolution using a CCD camera (1M60 Pantera,
140
Dalsa, Waterloo, ON) and EPIX E4DB frame grabber with XCAP 3.1 software (EPIX, Inc., Buffalo Grove 141 IL).
142 Table 2 summarises recording IDs, anesthetic methods and recording duration for individual extracellular 143 and VSD recording experiments in mice.
( Swindale and Spacek, 2014, 2015) and selectively using Kilosort (Pachitariu et al., 2017) and JRClust (Jun 151 et al., 2017) . For recordings sorted using SpikeSorter, electrophysiological traces were high-pass filtered and 152 spikes detected using a threshold of 5 times the median of the absolute voltage values of each channel was 153 divided by 0.675 (Quian Quiroga et al., 2004) followed by a dynamic-multiphasic event detection method 154 (Swindale and Spacek, 2015) . A summary of the sorting results is provided in Table 3 (Table 1) but varied substantially for each recording ranging from 4% to 164 86% of the total recording period for each animal. This was likely due to variability of anesthetic depth and 165 animal physiology. In anesthetized mouse sensory cortex recordings, synchronized state periods accounted 166 for 2.3 ± 0.2 hrs ranging from 84% to 100% of the total recording periods (Table 2) .
167
Synchronized state LFP recordings were next high-pass filtered with a 4-pole Butterworth filter with a 168 cutoff of 4 Hz to remove slower LFP fluctuations and improve signal-to-noise ratio (SNR) for subsequent 169 event detection, alignment and clustering. Next, event-detection was performed using the same methods 170 described above for spikes, with the same detection threshold and a temporal window of 50 ms (Swindale 171 and Spacek, 2015) . A temporal lockout of 150 ms and a spatial lockout of 2 mm were used to ensure that 172 in a 150 ms period only a single LFP event could be identified. Following detection, events were initially 173 aligned using a weighted center of gravity definition of the time of the event (Swindale and Spacek, 2014).
174
Max peak alignment revealed similar results. Principal components were then calculated based on the 175 covariance matrix obtained from the 50 points with the highest voltage variance taken across all channels.
176
The observed principal component value distributions normally showed clear evidence of clustering (Figs.
177
1E, 2). Clustering was done based on the first two principal component values. Following clustering, the 178 mean waveform of the events in the cluster was calculated and the individual waveforms were then further aligned to this mean using r.m.s. error minimization (Swindale and Spacek, 2014) computed over all the LFP 180 channels. The mean waveform was then recalculated and the process was repeated until further realignments 181 were of vanishingly small magnitude. The time in the aligned event waveform that corresponded to the 182 center of gravity of the template (defined as above for individual waveforms) was then taken as the time of 183 the event. Note that any other stable feature of the template could equally well have been used as an anchor 184 as this would simply change the times of all the events by the same amount. We used the center of gravity 185 measure in preference to peaks, troughs or zero-crossings as these features can be variable across different
186
LECs and are occasionally ambiguous.
187
Clusters with < 20 events or with peak-to-peak heights of < 100 uV were deleted and excluded from further 188 analysis.
189
Precision of Estimation of Event Times. The accuracy with which individual LEC events can be aligned 
193
If the accuracy is low, the measured variability in timing will be larger than it actually is. We estimated the 194 accuracy of the r.m.s. alignments by computing hybrid ground truth data (i.e. using real data with simulated 195 shifts). We first calculated the covariance matrix of the noise in the LFP signal relative to a particular LEC 196 template. This was normally based on the noise values for 100 points (1 ms) on the LFP channel for which 197 the LEC peak-to-peak amplitude was a maximum. Alternatively, several different channels were included 198 in the noise calculation. This matrix was then used to generate simulated noise samples with the same 199 amplitude and covariance structure as the real noise. Simulated LEC waveforms were then generated by 200 adding samples of simulated noise to the LEC template. Each waveform was then realigned to the template 201 using r.m.s. minimisation and the resulting shift in position was taken as the error for that particular sample.
202
The mean of the errors was normally close to zero and the standard deviation of the errors measured for 203 1000 random samples was taken as an estimate of the accuracy.
204
CSD Computation. LEC CSDs were computed by calculating the second spatial derivative (Nicholson and 205 Freeman, 1975) of LEC templates using all available LFP channels. This calculation was implemented using 206 the gradient function of the numpy Python library which provides "first or second order accurate one-sides 207 (forward or backwards) differences at the boundaries" (https://docs.scipy.org/doc/numpy-1.13.0/reference/generated/numpy.g 208 LEC-Triggered VSD Motifs. VSD motifs were computed as described by (Xiao et al., 2017) . A response, 209 dF/F0, was computed for -3 s to +3 s around each LEC event, with F0 calculated as the average of the signal 210 -6s to -3s before each event. Strong sensory stimulation resulted in VSD signals which generally peaked at 211 0.5% dF/F0. The LEC triggered VSD motifs had peaks of 0.1-0.2%. These were substantially larger than 212 randomly generated motif peaks (See Fig 8A-control) .
213
Grouping of LECs using CSD shapes. CSDs were equalized and then clustered using a generalized 214 mixture model with 3 components (Fig 4) . Because the recordings were made with different length electrodes,
215
all CSDs shapes were clipped to represent only 0 µm to 1200 µm of cortical tissue. This allowed for a proper 216 comparison to be made across all 24 selected recordings. Next, the 2D-shape CSDs were aligned to the mean 217 of all 2D shapes and then converted to a 1D vector. The 1D vector array for all CSDs was then compressed 218 using principal component analysis and a generalized mixture model with n=3 components was fit to the 219 resulting distributions (3 was chosen as qualitatively there appeared to be 3 different shapes considering 220 both CSD shapes and PCA distributions).
221

Results
222
Clustering Large Amplitude Multi-Laminar LFP Events Reveals Distinct Event Classes Multi-channel extracellular recordings were made during synchronized states in anesthetized cat visual 225 cortex and mouse visual, barrel and auditory cortex (Fig 1A, B) . Synchronized state recordings in anesthetized 226 cats and mice contained large-amplitude, stereotypically shaped LFP events (Fig. 1C) . These large amplitude 227 events were mostly absent during desynchronized cortical states where only lower amplitude events were 228 typically observed (Fig. 1D ). Large amplitude LFP events correlated with peaks in multi-unit-activity (Fig 229   1E ) which are commonly known to be global indicators of UP-state transitions (e.g. (Luczak et al., 2007) ).
230
The LFP events generally had 1 -3 peaks and troughs with varying relative heights and widths (Fig. 1F ).
231
Peak-to-peak amplitudes were typically 250 -500 µV (after high-pass filtering at 4 Hz) and the duration of (Fig 1H, I ; Tables 1 and 2 ; see also Methods). The stability of LEC shapes could be tracked over time using the principal component values of the LEC 237 event waveforms. We found that LEC shapes were stable and the principal component values of events 238 within each cluster did not change substantially over periods of up to 3 hours in either cat or mouse cortical 239 recordings ( Fig. 2A, B) . Across 14 V1 cortex tracks in 5 cats we identified 34 LECs (Table 1) with between 1 -4 LEC per track.
259
Using a gaussian mixture model with 3 components we grouped the 24 most common CSD shapes into 260 three groups (Fig 4; see Methods). Thus rather than being unique or specific to a particular animal or track,
261
LECs can be grouped on the basis of their CSD shape and can be the same within and across different cats.
262
This suggests LECs may be generated by common neural circuits underlying UP-state transitions. Different 263 types of UP-state transitions may thus be present across animals within a species (Table 4) . Additionally, 264 in a total of 8 mice recordings from visual, auditory and barrel cortex we found 13 LECs that could also be 265 grouped ( Table 7) . The average frequency of the LECs (taken across all types) was 0.12 Hz across all cat 266 V1 recordings, and 0.18 Hz across all mouse cortex recordings. We estimated the accuracy with which the times of individual LEC events could be measured by taking 270 individual LEC templates and creating synthetic events by adding artificial noise with the same temporal 271 structure as the real noise measured from the individual, aligned, events in the LEC (Fig 5) . We then recordings. Error estimates ranged from 1.0 ms to 4.7 ms with a mean of 2.7 ms (n=11 in 6 different 277 recordings). These estimates also put a lower bound on the accuracy with which spike times relative to 278 individual LEC events can be measured.
267
LEC Events Can be Localised with 1 -4ms Temporal Precision
279
The estimates were based on waveform data from single LFP channels (the one on which the peak-to-280 peak amplitude of the LEC template was a maximum). Adding additional channels improves the accuracy 281 (though the improvements were found to be small, likely because signals tended to be highly correlated 282 across adjacent channels). We also explored the temporal precision of LEC event detection by computing the 283 stability of the full-width-half-max (FWHM) of the largest negative peak of each LEC event (Supplementary 284 Figure 3 ). We found that the standard deviation of the FWHM were less than 10ms in most cases further 285 suggesting that the overall shape of the LECs is relatively stable across time. We next considered the timing relation between single-unit firing and LEC events. We computed Peri-LEC- Figure 5) . In most cases latencies in the lower halves were shorter (10 of 14 302 mouse recordings and 21 of 32 cat recordings). These differences were not significant when tested separately 303 (p = 0.09 and 0.06 respectively, binomial test) but were significant when both data sets were combined (p = 304 0.013, binomial test).
305
We lastly considered whether the spiking distributions (i.e. not just the peaks) were statistically different 306 across neurons. We found that despite sparse firing for many neurons, spiking distributions were almost In order to quantify the temporal precision with which different units could fire in relation to the LEC we 314 selected units based on how well a gaussian fitted the PLETH (see Methods). Unit-PLETH pairs where the 315 standard deviation of the fitted gaussian was > 50 ms showed poor fits and were excluded from analysis, as 316 were units where no histogram bin exceeded a count of 5 in any 5 ms wide window (i.e. when only a few 317 spikes occured during the recording period). These criteria resulted in the removal of ∼25% of recorded 318 units). We found most neurons had gaussian fits with 1-5ms standard deviations for both mouse (e.g. Fig   319   7A ) and cat cortex (Fig 7B) . Plotting the distribution of fits for all units recorded in different tracks and 320 animals yielded an estimate of how 'precise' the firing of a unit could be determined relative the LEC. We 321 found that across all unit-LEC pairs (3009) the mean precision was ±11.9 ms -though many units had lower 322 values, with the lowest being 1.4 ms -close to the limit of the accuracy with which LEC event times could 323 be measured. We lastly sought to capture the meso-scale correlates of LECs by simultaneously recording widefield voltage-327 sensitive-dye (VSD) signals in mouse visual and auditory cortex (Fig 8A) and in GCaMP6s mice while 328 recording extracellular potentials in mouse visual, barrel and auditory cortex (Fig 8B) . LEC-triggered averages 329 of widefield activity were computed as previously described (Xiao et al., 2017) for periods of 2 s relative 330 to the LEC event time (i.e. ±2 s relative to each LEC event). In VSD recordings, the spatio-temporal 331 patterns (termed 'motifs' here) showed a peak at the electrode recording site and revealed gradual multi-area 332 cortical activation preceding LEC events (Fig 8A, t=0 s) . This indicates that LECs are preceded by gradual 
Multi-channel LECs Capture Global UP-state Transitions
357
The term UP-state has commonly referred to a single neuron's resting membrane potential transitioning from 358 a hyperpolarized (i.e. non-spiking, e.g. -80 mV) to a depolarized (e.g. -60 mV) state (Steriade et al., 1993a) .
359
The term UP-state has also been used to refer to a global correlate of single neuron UP-state transitions 360 where many (or possibly all) cortical neurons in a region depolarize and spike simultaneously (Neske, 2016) . 
381
While we claim to have found temporally precise markers of UP-state transitions our LEC times reflect a 382 choice in event feature location (e.g. LEC t=0 ms can be chosen at peak, trough or centre-of-gravity of LEC 383 event). Yet this limitation is also present in defining a global UP-state transition time using intracellular 384 membrane potentials given that individual neurons can transition to UP-states at different times (Lampl et 385 al., 1999; Petersen et al., 2003) .
386
Relation between LECs and K-complexes neurons start firing at about the same time. That study suggests that these fluctuations are homologous to ours differ from classical K-complexes in being much faster (lasting 100 -200 ms compared to up to 1 397 second) and occurring at much higher rates (several/second compared to every 1 -2 minutes). Ours also 398 differ from those observed by Luczak and Bartho in being simpler in structure, with typically a single large 399 peak (positive or negative) flanked by two of opposite sign (see Fig 1G) . We also did not find the traveling 400 wave events described by Luczak and Bartho, possibly because these are reported to be of smaller amplitude 401 and they perhaps fell below our detection threshold. Nor did we observe obvious sleep spindles following 402 our events. Reasons for these various differences would include species (human K-complexes and spindles 403 may be generally slower than in rats and cats), the fact that the animals were not naturally sleeping, types 404 of anesthesia (Luczak and Bartho used ketamine, we used either isoflurane or propofol) and cortical area 405 (we studied visual areas whereas Luczak and Bartho studied rat auditory cortex). A conservative hypothesis 406 that might reconcile all of these findings is that K-complexes constitute a large and heterogeneous class of (Fig. 4) .
411
LECs as temporally precise global markers of UP-state transitions
412
As an alternative global-definition of UP-state transitions, LECs have advantages over single neuron patch 413 clamp recordings in that they can be more rigorously defined using statistical clustering methods while 414 also being more stable as they consist of spatially broad (i.e. 100 µm to 1000 µm) LFP contributions from 415 multiple sources (Buzsáki et al., 2012) while being largely independent of any single neuron's activity.
416
While simultaneous intracellular recordings from many neurons might eventually be feasible, defining Fig 1A) . B. CSD distributions for a 850 ms desynchronized 545 state recording (same track as Fig 1B, 3A) . C. CSD obtained from averaged LEC event profiles (i.e. templates) are below 10 ms. The mean and mode of the overall distribution were 11.9 and 11.0 ms respectively. Prop/Fent X X X X C5.4
Prop/Fent X X X Totals 10 9 5 1 1 2 3 1 -These 2 LECs are similar to Class 6 but may form separate class. 
